ABSTRACT. Objective. Although indomethacin produces ductus arteriosus constriction in extremely premature newborns, a recurrent symptomatic patent ductus arteriosus (PDA) frequently develops after the initial course of indomethacin. Currently, there is little information available to determine the effectiveness of a second course of indomethacin in producing permanent ductus closure. The objective of this study was to determine the rate of permanent ductus closure after a second course of indomethacin for a recurrent, symptomatic PDA and to identify the factors associated with permanent ductus closure.
xtremely premature neonates have a high incidence of patent ductus arteriosus (PDA). [1] [2] [3] A clinically symptomatic PDA is associated with significant morbidity in this population. [2] [3] [4] Indomethacin produces ductus constriction in premature neonates and is relatively well tolerated despite its effects on mesenteric, renal, and cerebral perfusion. 1 However, between 13% and 53% of ductus in extremely premature newborns will reopen, and infants will develop ductus-related symptoms after their initial course of indomethacin. [5] [6] [7] [8] Permanent anatomic closure of the ductus arteriosus 9 is caused by hypoxia in the ductus wall. 10, 11 In the preterm ductus, hypoxia is caused by ductus constriction and obliteration of the ductus lumen. 10, 12 More than 80% of extremely premature infants (Ͻ28 weeks' gestation) will develop permanent closure if they have no evidence of Doppler-detectable ductus luminal flow after indomethacin therapy. However, 90% of preterm infants who have a clinically closed ductus (defined by the absence of clinical signs or symptoms) and still have evidence of persistent luminal flow on the posttreatment Doppler examination will subsequently develop PDA-related symptoms that are considered to be hemodynamically significant (see below). 5 There is little information regarding the efficacy of a second course of indomethacin treatment in infants who develop a recurrent, symptomatic PDA.
Our purpose was to determine the rate of permanent ductus closure after a second course of indomethacin in premature infants (Ͻ28 weeks' gestation) with a recurrent, symptomatic PDA. We examined prenatal and postnatal factors that might be associated with failure to achieve permanent ductus closure after a second course of indomethacin. We hypothesized that infants who were unable to constrict their ductus tightly during the initial course of indomethacin would also be unlikely to develop the degree of ductus constriction that is necessary to produce permanent ductus closure during the second course of indomethacin. We hypothesized that the ductus these infants would reopen, even after a second course of indomethacin, and would ultimately need surgical ligation.
Identification of Subjects
We performed a retrospective study using a prospectively assembled database of 455 newborns who were delivered at Ͻ28 weeks gestational age (GA) and admitted to the UCSF Intensive Care Nursery within 12 hours of birth (from December 1, 1991, through June 15, 2001) . A total of 374 infants were treated with indomethacin. We identified 32 subjects who had received a second course of indomethacin for a recurrent, symptomatic PDA.
Initial Indomethacin Treatment Course
During the period covered by this study, 2 approaches were used for the initial course of indomethacin treatment: 1) "prophylactic treatment" (infants were treated within 15 hours of birth before ductus-related signs [a murmur, with or without either increased precordial activity or bounding pulses] became apparent and 2) "symptomatic treatment" (infants were treated only after ductus-related signs appeared [usually by 3 days of age]). The prophylactic treatment approach was introduced in December 1994 as a change in nursery protocol. Both treatment regimens consisted of 3 doses of indomethacin (0.2, 0.1, and 0.1 mg/kg during a 48-hour period). Between 12 and 24 hours after the third dose of indomethacin, a color Doppler evaluation was performed to detect the presence of persistent flow through the ductus. In both treatment regimens, if persistent flow was detected on Doppler examination, then the initial course of indomethacin was extended by 3 additional doses (0.1 mg/kg at 24-hour intervals) unless there were contraindications to the additional use of indomethacin (serum creatinine Ն1.8 mg/dL or necrotizing enterocolitis).
Evaluation of Initial Treatment Response
Between 12 and 24 hours after completion of the initial course of indomethacin, infants were examined for the presence or absence of ductus-related signs (see above) and an echocardiographic and color Doppler evaluation was performed as previously described. 5 If any color Doppler flow was seen in the region of the ductus, even if it was intermittent, then the ductus was considered to have persistent flow through its lumen. Infants with clinical symptoms and persistent ductus flow (as demonstrated by Doppler) after the initial course of indomethacin were referred for surgical ligation (n ϭ 36; 10% of those treated with indomethacin).
Evaluation of Recurrent, Symptomatic PDA: Study Population
After the initial indomethacin course, infants with a clinically closed ductus (those without any PDA-related symptoms; see above) were monitored for the appearance of a hemodynamically significant PDA. Infants were considered to have a "hemodynamically significant PDA" when they developed the following 3 clinical symptoms: 1) a prolonged systolic murmur, 2) the presence of bounding pulses, and 3) a hyperactive precordium, in addition to echocardiographic evidence of left-to-right flow through the PDA. The need for mechanical ventilation was not a criterion for retreatment of a hemodynamically significant PDA.
After the initial indomethacin course, 89 infants with a clinically closed ductus developed a recurrent, hemodynamically significant, symptomatic PDA. All 89 infants were treated with either a second course of indomethacin (3 doses; n ϭ 32) or surgical ligation (n ϭ 57). The decision to use a second course of indomethacin or to proceed directly to surgical ligation was made by the attending neonatologist and was based on the severity of the clinical symptoms and the presence of contraindications to the use of indomethacin.
Primary Outcome
The 32 infants who received a second course of indomethacin for a recurrent, hemodynamically significant PDA formed our study population. Echocardiograms were performed on all infants between 12 and 24 hours after completing the second course of indomethacin to determine the contractile response to the second indomethacin course. Infants who continued to have symptoms (see above) of a hemodynamically significant PDA after completing the second indomethacin course or who developed recurrence of a hemodynamically significant PDA at a later date underwent surgical ligation according to our nursery policy. This policy was based on the results of controlled clinical trials that found an association between the presence of untreated ductus-related symptoms and the need for prolonged respiratory support and the delayed establishment of enteral nutrition. 4 Our purpose was to determine the rate of permanent ductus closure after the second course of indomethacin. We used the development of a hemodynamically significant PDA that met our criteria for ligation as our primary study outcome.
Clinical Variables
We collected clinical data that might affect the infants' response to indomethacin: maternal betamethasone treatment, chorioamnionitis and preeclampsia, neonatal GA, sex, initial respiratory course and fluid management, the presence of late-onset sepsis at the time of retreatment, and the infants' Doppler echocardiographic responses to indomethacin treatment (Tables 1 and 2) .
Infants were considered to have been exposed to antenatal betamethasone if it was administered Ն6 hour before delivery. Virtually the entire cohort received at least a single dose of exogenous surfactant because it has been our policy to intubate the trachea and administer prophylactic surfactant shortly after delivery and before radiologic evaluation in infants delivered at Ͻ28 weeks' GA. Infants who were born at outside hospitals and then transported to UCSF received surfactant according to the discretion of the referring pediatrician.
The diagnosis of respiratory distress syndrome was based on radiographic findings and clinical course, regardless of previous surfactant therapy. A ventilator support score, designed to evaluate the degree of respiratory support required, was calculated for each subject (equal to mean airway pressure ϫ fraction of inspired oxygen at 24 hours of life). Temporally related late-onset sepsis was defined as 1) the presence of 2 positive cultures from a sterile site (blood, urine, or cerebral spinal fluid) or a pneumonia (diagnosed by radiographic findings consistent with the infant's respiratory status), 2) requiring at least 7 days of appropriate antibiotic therapy, and 3) diagnosed and treated within 5 days of the start of the second course of indomethacin. 6 All newborns were screened with serial cranial ultrasound studies to detect intracranial hemorrhage and periventricular leukomalacia. 13, 14 The diagnosis of necrotizing enterocolitis was determined by the attending neonatologist. 15 Bronchopulmonary dysplasia was defined as the need for oxygen supplementation at 36 weeks' corrected GA.
Data Analysis
The primary outcome was the development of a hemodynamically significant PDA that met our criteria for surgical ligation after the second course of indomethacin. We examined each of our predictors of interest in univariate analyses ( 2 analysis and Fisher exact test for categorical variables and the Mann-Whitney rank sum test for nonparametric continuous variables). Statistical analyses (Stata 6.0; Stata Corp, College Station, TX) were 2-tailed, and results were considered statistically significant at P Ͻ .05. Results are expressed as mean Ϯ standard deviation.
RESULTS
None of the study infants had any PDA-related symptoms after the first indomethacin course, and all were considered to be clinically closed at that time. All of the infants subsequently developed a recurrent, hemodynamically significant PDA that was diagnosed and treated with a second course of indomethacin (Fig 1) . The second course of indomethacin was started 13 Ϯ 8 days after completion of the initial course. Ninety-one percent of the infants were receiving mechanical ventilation at the time of the second indomethacin course. Despite the second course of indomethacin, 18 (56%) of 32 ultimately met our criteria for surgical PDA ligation. All 32 infants survived to hospital discharge. One infant had a grade 4 intracranial hemorrhage, 1 infant had periventricular leukomalacia, 2 infants had necrotizing enterocolitis, and 20% of the study group had a diagnosis of bronchopulmonary dysplasia.
We evaluated predictors that might be associated with failure of the second indomethacin course: gestational age, birth weight, sex, exposure to antenatal betamethasone, maternal diagnoses of chorioamnionitis and preeclampsia, presence of respiratory distress syndrome, ventilator support score, maximum serum creatinine after the initial course of indomethacin, fluid administration (normalized to body weight) during the first 96 hours of life (data not shown), indomethacin treatment approach (symptomatic versus prophylactic), year of birth (December 1, 1991, to December 21, 1996 , vs January 1, 1997, to June 15, 2001 ), number of indomethacin doses and the cumulative dose administered in the initial course, the postnatal age when infants were treated initially and when they were retreated for symptomatic reopening, the number of days between indomethacin treatment courses, the results of the Doppler examination after the initial course of indomethacin, and temporally related sepsis at indomethacin retreatment. These univariate analyses revealed that the only significant predictor of PDA ligation after the second course of indomethacin was the demonstration (by Doppler) of persistent ductus flow after the first course of indomethacin (Tables 1  and 2 ). Among the 32 newborns who received a second course of indomethacin, 9 had persistent ductus flow on Doppler examination after the initial indomethacin course. All of these newborns ultimately met our criteria for surgical ligation of a hemodynamically significant PDA after the second course of indomethacin. In contrast, only 9 of (39%) 23 newborns with absent Doppler flow after the initial indomethacin course developed a hemodynamically significant PDA and underwent surgical ligation after the second course (P ϭ .002, 2 analysis).
Infants who had no evidence on Doppler of ductus luminal flow after the initial course of indomethacin were more likely to constrict their ductus tightly and have no evidence of luminal flow after the second course of indomethacin. Seventy-four percent of infants (17 of 23) who had no Doppler-detectable flow Characteristics after the initial indomethacin course also had no evidence of Doppler flow after completing the second course. In contrast, none of the 9 infants who still had Doppler-detectable flow after the initial indomethacin course was able to constrict the ductus tightly enough to eliminate Doppler flow after the second course (P Ͻ .001, 2 analysis; Fig 1) .
The only other factor that approached statistical significance as a predictor of PDA ligation was the time interval between the first and second indomethacin courses (P ϭ .07, Mann-Whitney U rank sum test; Table 2 ). However, the interval between the first and second indomethacin courses was also significantly related to the presence of persistent ductus flow after the first indomethacin course. Infants who still had Doppler-detectable flow after the initial indomethacin course developed their recurrent, hemodynamically significant PDA after a shorter interval than those who had no evidence of ductus flow after their initial indomethacin course (8 Ϯ 2 vs 15 Ϯ 2 days; P ϭ .03, Mann-Whitney U rank sum test).
DISCUSSION
Previously, we have shown that, despite the absence of initial clinical symptoms, infants who are Ͻ28 weeks' GA and have persistent Doppler flow after completing the first course of indomethacin have a 90% chance of subsequently developing a recurrent, symptomatic PDA. 5 In the current study, we found that infants (Ͻ28 weeks' GA) who still had Doppler evidence of ductus luminal flow after completing an initial course of indomethacin were also very unlikely to close permanently their PDA with subsequent courses of indomethacin.
Previous studies have shown that factors such as GA, antenatal betamethasone exposure, rate of fluid administration, and prophylactic use of indomethacin affect the rate and degree of ductus constriction during both spontaneous and indomethacin-induced closure. 5,16 -21 Our findings suggest that although these factors may play a role in determining the success of the initial course of indomethacin, they may not play as important a role in determining the outcome of subsequent treatment courses. However, because of the small size of our study population, it is possible that some of these factors might be predictive of indomethacin failure if a greater number of infants had been studied.
The only other factor approaching significance for an association with failure to achieve permanent closure with a second indomethacin course was the time interval between the initial and second indomethacin courses. This was not surprising because infants with persistent Doppler-detectable ductus flow after the initial course developed a recurrent symptomatic PDA significantly earlier than those who had no evidence of Doppler flow after the initial course. Because no infants with persistent Doppler flow after the initial indomethacin course avoided surgical PDA ligation, we were unable to test the independent effects of this variable by logistic regression. 22 The limitations of our study are those of any uncontrolled clinical experience: there may be unmeasured confounders that we are unable to account for, and there may be factors influencing treatment decisions (including the decision to surgically ligate a PDA) that we are unable to ascertain or evaluate definitively. We think that it is unlikely that unmeasured changes in practice during the interval of this study were an important factor, because the year of birth was not significantly related to the primary outcome of surgical ligation.
Unlike the ductus arteriosus in the term infant, the premature ductus requires luminal obliteration to initiate the cascade of biochemical events that results in anatomic remodeling and permanent ductus closure. 5, 10, 12, 23 We found that infants whose ductus lumen closed after the initial course of indomethacin were more likely to obliterate the lumen during the second course of treatment and develop permanent anatomic closure. In contrast, infants who were unable to eliminate luminal flow during the initial course of indomethacin also were unable to close the lumen completely during the second course. As a result, they were unable to initiate the process of anatomic remodeling. We hypothesize that the inability of indomethacin to produce tight ductus constriction in the latter group of infants may indicate that these vessels are less dependent on prostaglandin synthesis and that other factors may be responsible for persistent ductus patency. 11 In this study of infants who were Ͻ28 weeks' GA and received a second course of indomethacin, after developing a recurrent symptomatic PDA, we found that failure to develop tight ductus constriction during the initial indomethacin course was strongly associated with a lack of response to the second indomethacin course. Our findings suggest that exposing these infants to additional treatment courses is unlikely to produce permanent ductus closure.
